
Meta-omic characterization of prokaryotic gene clusters for
natural product biosynthesis

Michael M. Schofielda and David H. Shermana,b

aLife Sciences Institute and Department of Microbiology and Immunology, University of Michigan
Medical School, Ann Arbor, Michigan 48109, USA
bDepartments of Medicinal Chemistry, and Chemistry, University of Michigan, 210 Washtenaw
Avenue, Ann Arbor, MI 48109

Abstract
Microorganisms produce a remarkable selection of bioactive small molecules. The study and
exploitation of these secondary metabolites has traditionally been restricted to the cultivable
minority of bacteria. Rapid advances in meta-omics challenge this paradigm. Breakthroughs in
metagenomic library methodologies, direct sequencing, single cell genomics, and natural product-
specific bioinformatic tools now facilitate the retrieval of previously inaccessible biosynthetic
gene clusters. Similarly, metaproteomic developments enable the direct study of biosynthetic
enzymes from complex microbial communities. Additional methods within and beyond meta-
omics are also in development. This review discusses recent reports in these arenas and how they
can be utilized to characterize natural product biosynthetic gene clusters and pathways.

Introduction
Microbial natural products and their derivatives account for more than half of currently
marketed antibiotics [1,2]. Unfortunately, less than 1% of prokaryotic species are capable of
laboratory cultivation using standard techniques, historically limiting the discovery and
study of a host of bioactive secondary metabolites [3,4**]. The field of meta-omics now
provides culture-independent approaches to study previously elusive microorganisms and
harness the potential of associated novel natural products.

Meta-omics utilizes genomic, proteomic, metabolomic, and transcriptomic toolsets to
transcend cultivation limitations by studying the collective material of organisms from
environmental samples. Sometimes an environmental sample consists of a host organism
and associated symbiotic microbiota, jointly referred to as a holobiont [5,6*]. The collective
material from holobionts can consequently be coined under the holo- prefix. For the sake of
discussing other types of environmental samples in addition to host/microbial consortia, the
more general metaprefix will be used herein.

When applied to natural products research, meta-omic technologies can enable the
characterization of the biosynthetic pathways of microorganisms that remain incapable of
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being cultured in the laboratory. Many of these techniques rely on the study of nonribosomal
peptide synthetase (NRPS) or polyketide synthase (PKS) enzymes that are frequently
contained within the gene clusters of biomedically intriguing natural products. The
following review (Figure 1) covers established methodologies and recent advances in natural
product meta-omics.

Metagenomic approaches: Construction and screening of eDNA libraries
Construction of clone libraries derived from environmental DNA (eDNA) is the most
traditional metagenomic approach to sequencing biosynthetic gene clusters. Although the
creation and screening of libraries can be time-consuming, it can offer distinct advantages
over more innovative methods. Depending on the vector utilized during library construction,
clones can contain anywhere from 30–300 kb DNA fragments [7–11]. Most metabolic
systems fall into this range, increasing the likelihood of obtaining an intact cluster within a
single clone. This is especially appealing since heterologous expression of the full cluster in
a culturable host organism could lead to the biosynthesis of the target compound, as
demonstrated in recent studies [12,13,14*]. Even if a single clone does not contain an intact
cluster, the target pathway can be reconstituted from multiple clones through Red/ET
recombineering; this was recently demonstrated by the Müller group for the heterologous
expression of the tubulysin biosynthetic gene cluster [15**].

It is important to note that libraries are not the only route to obtaining intact clusters for
heterologous studies. Several extensive reviews have focused on alternative methods that
enable manipulation of large DNA fragments for natural product biosynthesis in amenable
hosts [16–18,19**]. Commonly employed methods can be cloning-dependent, involve DNA
recombination, or rely on synthetic gene clusters. Despite these alternatives, metagenomic
library construction can still be advantageous. Even if resultant clones do not enable
metabolite production, they facilitate DNA sequencing and characterization of target
biosynthetic genes.

Library assembly first involves isolation and shearing of total genomic DNA from an
environmental sample and insertion of fragmented DNA into a selected vector. It is much
more difficult to work with vectors capable of retaining larger fragments. Consequently,
natural product pathway studies have traditionally relied on cosmid [7] and lower copy
number fosmid [8] vectors capable of accommodating DNA inserts around 40 kb. However,
due to the extensive size of many gene clusters, several groups utilize larger vehicles
capable of housing up to 300 kb DNA fragments [9], including the bacterial [10] and P1-
derived artificial chromosome vectors [11].

Following insertion of DNA fragments into a preferred vector, recombinant DNA is
introduced into a host organism. Choice of microorganism is especially important when
attempting to confer metabolite production in a heterologous host, since codon bias,
differences in key regulatory elements, or the absence of critical precursor substrates or
cofactors can inhibit or prevent natural product biosynthesis. Consequently, stark differences
in secondary metabolite production have been reported between E. coli and Streptomyces
lividans [14*] and even between E. coli and other proteobacteria [13].

After introduction of recombinant DNA into a host organism, resulting clones are screened
for DNA fragments of interest. Several recent reviews have thoroughly explored specific
library screens used in natural products research [4**,20–22]. In addition, Owen et al.
recently developed an E. coli reporter strain to identify clones containing 4’-
phosphopantetheinyl transferase (PPTase) genes, which are frequently contained within
biosynthetic gene clusters [23*].
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Positive clones from a selected screen are subsequently sequenced and mined for
biosynthetic genes. Although more labor-intensive, the metagenomic library approach is still
effective and commonly employed. This traditional tactic has most recently served in the
identification of secondary metabolites derived from soil bacteria [24**], the detection of a
siderophore gene cluster [12], and the discovery of a novel natural product family [25**].
The following sections on metagenomics will cover less traversed paths to the discovery of
biosynthetic gene clusters.

Metagenomic approaches: Direct eDNA sequencing
Frequently referred to as ‘shotgun metagenomics,’ direct sequencing of eDNA is made
possible by the rapid advancement and increasing affordability of next generation
sequencing (NGS) technologies. In shotgun metagenomics, the laborious step of library
construction can be bypassed in favor of immediately sequencing isolated eDNA. A number
of sequencing platforms exist, each with distinct advantages and pitfalls. Roche 454 and
Illumina/Solexa are commonly used in shotgun metagenomics [26,27] while newer systems
like Pacific Biosciences (PacBio) and Ion Torrent are promising, yet remain relatively
underutilized.

Shotgun metagenomics is quickly becoming the method of choice in varied applications.
Direct sequencing of metagenomic DNA has been used in the human microbiome project
[28], and has helped to identify novel biomass-degrading enzymes from compost [29] and
cow rumen [30]. Likewise, an increasing number of natural product pathway studies are
beginning to rely on shotgun metagenomics. A series of pioneering studies by the Schmidt
group combined metagenomic library construction with direct sequencing to investigate the
complex microbiome associated with coral reefs and the marine tunicate Lissoclinum patella
[31,32,33**]. Additionally, Roche 454 pyrosequencing was recently used to analyze the
microbiome of the marine sponge Arenosclera brasiliensis [34]. A further study conducted
by our group utilized Roche 454 shotgun sequencing of the Ecteinascidia turbinata tunicate
metagenome to identify the biosynthetic gene cluster of the chemotherapeutic natural
product ET-743 [35**].

The major current challenge of the shotgun metagenomic approach is effectively processing
the massive output of sequencing data. Pinpointing a target gene cluster amidst the
collective genomes of a complex microbial consortium can be daunting. However, current
bioinformatic tools (described below) as well as the continued development of new ones
form the basis of an effective data mining process. Despite this challenge, direct eDNA
sequencing represents a powerful and expanding tool. The popularity of this approach is
expected to rise significantly as advancing technology, increasing affordability, and better
bioinformatics analysis pipelines improve effectiveness and throughput.

Metagenomic approaches: Single cell genomics
In contrast to traditional metagenomic approaches that work with the collective DNA of
multiple organisms, single cell genomics is designed to assess the genomes of individual
microbial cells isolated from environmental samples. The technology is dependent on
multiple displacement amplification (MDA), which can produce the micrograms of DNA
necessary for sequencing applications from the femtograms present in an individual cell
[36*].

Single cell genomics begins with the isolation of a microbial cell fraction from an
environmental sample and separation of an individual prokaryotic cell through
microfluidics, flow cytometry, or micromanipulation [36*]. Screening is typically either
combined with cell sorting prior to MDA or conducted subsequently through PCR of
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amplified isolated genomes. Screening characteristically involves markers such as 16S
rRNA gene sequences, rpoB, or recA although other indicators can also be used [36*].

Despite this impressive technology, few studies have applied single cell genomics to natural
product pathway discovery and analysis research. The first notable studies involved single
cell sorting of microbial cell fractions from the marine sponge Aplysina aerophoba [37,38*].
In both studies, PCR screening of the amplified genomes of single cells led to the
identification of putative biosynthetic genes of uncultivable symbionts. A more recent study
combined metagenomic library construction with single cell sorting to identify the apratoxin
A gene cluster from the marine cyanobacterium Moorea bouillonii [39**],[40].

While single cell methods are subject to amplification bias and the formation of chimeric
sequences, there are distinct advantages to isolating and sequencing a single genome over
the collective genomes of an environmental sample. Single cell genomics enables
biosynthetic gene clusters to be directly linked to any taxonomic information uncovered
from the genome, potentially leading to the selection of a suitable host for heterologous
expression. Similarly, the identification of metabolic genes could shed light on the
conditions or substrates needed to successfully culture the target “unculturable”
microorganism in the laboratory. Although not derived from single cell data, several studies
have used genomic analysis to guide cultivation efforts. For example, an extensive genomic
analysis suggested that members of the SAR11 α- proteobacterial clade were deficient in
assimilatory sulphate reduction genes, leading Tripp et. al. to demonstrate that an exogenous
reduced sulphur source was required for growth of these microorganisms [41].

Analysis and exploitation of metagenomic data
After acquiring sequencing data, the three aforementioned metagenomic methods require
genome assembly, mining for biosynthetic gene clusters, and deep annotation. Mining
sequencing data can either be discovery or target-driven [21]. Discovery-driven mining
seeks to identify novel gene clusters and ultimately structurally unique natural products. If
taking the eDNA library approach, discovery-driven mining can begin with the screening of
resultant clones before samples are even submitted for sequencing [4**]. For the remaining
metagenomic approaches described above, mining of sequencing data can be performed in
combination with genome assembly and annotation. Several recent reviews describe
common bioinformatic tools for these applications [42,43]. Fortunately, there is also a
selection of applications specific to natural products research (highlighted in Table I).
Examples of recently developed tools include NP. searcher [44], PKSIIIpred [45], the
antibiotics and Secondary Metabolite Analysis Shell (antiSMASH) [46**], and the Natural
Product Domain Seeker (NaPDOS) [47**].

Conversely, targeted-driven mining is more difficult. This approach seeks to identify the
elusive gene clusters of well-studied natural products. For example, although compounds
such as bryostatin, aplidine, and ET-743 are already undergoing clinical trials, their
biosynthetic pathways remain elusive due to the inability to culture the producing
microorganisms in the laboratory [48,49]. One option is to use the aforementioned natural
product bioinformatic tools to narrow down candidate gene clusters. Alternatively, target
natural products are often thought to be of bacterial origin because their structures resemble
compounds produced by thoroughly studied, cultivable bacteria with well-characterized
biosynthetic pathways. These pathways and gene clusters can provide a genetically
conserved roadmap for mining sequencing data of the target gene cluster. Our group took
this approach with the ET-743 gene cluster, using conserved NRPS modules involved in the
biosynthesis of three well-studied bacterial-derived natural products (safracin, saframycin
MX1, saframycin A) resembling ET-743 to guide the mining of the tunicate-symbiont
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microbial consortium metagenome. This led to the identification of a contig containing the
NRPS genes responsible for the biosynthesis of the tetrahydroisoquinoline core, and
ultimately the bulk of the ET-743 biosynthetic gene cluster [35**].

Metaproteomic approaches to the study of biosynthetic gene clusters
Metaproteomic methods for studying biosynthetic gene clusters and pathways are rapidly
advancing, spurring a selection of recent reviews that summarize available technologies
[50–52]. In particular, the Orthogonal Active Site Identification System (OASIS) and
Proteomic Interrogation of Secondary Metabolism (PrISM) have had a substantial impact on
the application of proteomic technologies to natural products research. Developed by Meier
and coworkers, OASIS utilizes chemical probes that target the active sites of PKS and NRPS
enzymes, leading to the enrichment of complex proteomic samples prior to liquid
chromatography (LC) tandem mass spectrometry (MS2) [53]. First conceived by the
Kelleher group, the PrISM approach similarly takes advantage of the significant size of most
PKS and NRPS enzymes and the unique 4’-phosphopantetheine (4’-PPant)-associated ions
to profile novel biosynthetic gene clusters [54].

A subsequent study by Meier and coworkers [55**] recently sought to rectify the
shortcomings of both approaches, and other 4’-PPant labeling strategies [56,57]. After
enrichment of proteomic samples for PKS and NRPS enzymes, selective fragmentation
enabled identification of carrier protein peptides. The authors also introduced an optimized
pipeline that facilitates targeted identification of carrier protein peptides from low resolution
MS2 data. In addition, a machine learning method was presented that permits the
identification of target peptides solely from MS2 fragmentation data. Similarly, a recent
study by Evans and coworkers demonstrated the effectiveness of the PrISM method through
the discovery of koranimine, a natural product associated with a Bacillus species [58].
Although the sensitivity of these approaches will have to be adapted for metaproteomic
applications, these collective studies enable harnessing of proteomic technologies to
investigate secondary metabolism.

In an additional approach, metaproteomic techniques can be utilized in combination with
metagenomics to directly link predicted biosynthetic genes to amino acid sequence and
expression in host-symbiont systems. Our group demonstrated the effectiveness of this
process by detecting the expression of predicted ET-743 biosynthetic genes in
metaproteomic analysis of the tunicate/microbial consortium [35].

Additional omics and beyond
Metabolomics has conventionally focused on identification of biomarkers associated with a
specific phenotype. Consequently, it has traditionally been considered mutually exclusive to
natural products research despite the shared objective of both fields to identify and
characterize metabolites of biological significance [59**,60]. However, metabolomics offers
powerful toolsets that could enable natural product chemists to process more complex
samples. Therefore, recent efforts by several groups have attempted to bridge the technical
gaps between these two important disciplines. Metabolomics technologies have recently
been employed to guide the identification of microbial strains containing novel secondary
metabolite chemistry [61]. Comparative analysis of metabolite profiles between knockout
and wild-type microorganisms also led to the discovery of myxoprincomide from
Myxococcus xanthus with high-resolution mass spectrometry [62*] and products associated
with the gliotoxin gene cluster of the pathogen Aspergillus fumigatus with 2D NMR
spectroscopy (DANS) [63*]. Additional work by Forseth and Schroeder highlighted several
specific methodologies used for natural product comparative metabolomics [64]. While the
aforementioned studies relied on the ability to culture the associated microorganisms in the
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laboratory, they provide a foundation for the development of meta-metabolomic natural
product approaches. Conversely, transcriptomics involves the investigation of total RNA
transcripts of an environmental sample. Although metatranscriptomics methods are
becoming popular in the analysis of microbial communities [65,66] and even symbiont-host
interactions [67], applications to natural products are still in development.

Outside of the –omics arena, novel methodologies to study elusive gene clusters are
continually in development. Several recent reviews discuss efforts to enable the cultivation
of “unculturable bacteria,” thereby facilitating access to a host of novel gene clusters [68–
70]. Although not yet applied to the natural products of uncultivable bacteria, Ramen
microspectroscopy and nano-scale secondary ion mass spectrometry (NanoSIMS) also show
promise in the study of individual microorganisms from complex microbial consortia [66].

Conclusions
Meta-omic technologies are rapidly advancing, facilitating the study of previously
inaccessible microorganisms and their associated natural product biosynthetic systems.
Metagenomic breakthroughs in library construction, direct sequencing of eDNA, and single
cell technologies make the acquisition of sequencing data significantly more
straightforward, while advancements in bioinformatics facilitate rapid mining for
biosynthetic gene clusters. The field of metaproteomics similarly continues to provide
further paths to the discovery and analysis of secondary metabolite biosynthesis.
Additionally, metabolomic toolsets for natural products discovery in cultivable bacteria are
becoming mainstream, providing the groundwork for secondary meta-metabolomic
methodology development. In the near-term, it is likely that metagenomic and proteomic
approaches will be applied for broad discovery of new natural product pathways. In
conjunction with versatile heterologous expression tools, these combined approaches will
enable access to broad new chemical diversity resources with new applications in medicine
and industry.
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Highlights

• Meta-omics permits the study of the biosynthetic gene clusters of uncultivable
microbes.

• Unculturable microbe genomes can be sequenced via libraries, directly, or by
single cell methods.

• Natural product-specific bioinformatic tools assist metagenomic sequencing
data analysis.

• OASIS, PrISM, and derivatives help pave the way for metaproteomic
methodologies.

• New techniques link metabolomics to natural products research.
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Figure 1.
An overview of meta-omic methodologies for natural products discovery.
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Table 1

Highlighted natural product-specific tools for bioinformatic-guided analysis of sequencing data

Analysis Tool Description Access Reference

2metDB (secondary
metabolism database)

• Detection and annotation of
PKS/NRPS gene clusters

http://nrps.igs.umaryland.edu/nrps/2metdb/Welcome.html [71]

antiSMASH • Detection and annotation of
gene clusters, including
accessory genes

• Comparative gene cluster
analysis

• Structure prediction of
PKS/NRPS products

http://antismash.secondarymetabolites.org/ [46**]

BAGEL2 (Bacteriocin
Genome Mining Tool 2)

• Detection and annotation of
bacteriocin gene clusters

http://bagel2.molgenrug.nl [72]

CLUSEAN (CLUster
SEquence ANalyzer)

• Detection and annotation of
PKS/NRPS gene clusters

• Prediction of PKS/NRPS
substrate specificity

• Annotation tools for
additional gene types

http://redmine.secondarymetabolites.org/projects/clusean [73]

NaPDoS • Phylogenetic analysis of
PKS ketoreductase and
NRPS condensation
domains

• Provides a guide toward
novel mechanistic
biochemistry and microbial
strains

http://napdos.ucsd.edu/ [47**]

NP.searcher • Detection and annotation of
PKS/NRPS gene clusters

• Prediction of PKS/NRPS
product structures

http://dna.sherman.lsi.umich.edu [44]

PKSIIIpred • Predicts if a protein
sequence belongs to a Type
III PKS

http://type3pks.in/prediction/ [45]

SBSPKS (Structure-
Based PKS Analysis)

• Annotation of PKS/NRPS
domains

• PKS/NRPS substrate
specificity prediction

• 3D modeling of complete
PKS modules

• Identification of key PKS/
NRPS amino acid residues

http://nii.ac.in/sbspks.html [74]

SMURF (Secondary
Metabolite Unknown
Regions Finder)

• Detection and annotation of
fungal biosynthetic gene
clusters

http://jcvi.org/smurf/ [75]
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